To determine the relationship among wild grape species and grape cultivars, genotyping with 8 SSR loci was carried out using a wide range of grape species and cultivars, i.e., North American species, East Asian species, cultivars of Vitis vinifera, and those of V. vinifera × V. labrusca. SSR genotyping showed that wild grape species are more highly diverse than cultivated grapes. Principal coordinate analysis based on the distance (1-proportion of shared alleles) among accessions showed a clear separation between wild and cultivated grapes. A native Japanese cultivar, 'Koshu', and a Chinese cultivar, 'Niunai', were plotted among the cultivars of V. vinifera, even though these two Far East cultivars have some unique alleles.
Introduction
The majority of wine grape cultivars belong to Vitis vinifera, while most table grape cultivars are V. vinifera and its interspecific hybrids with V. labrusca and/or other Vitis species. In addition, the genus Vitis contains many wild grape species, some of which are used as rootstocks and breeding parents as well as for juice and wine. Wild grape species are regarded as important genetic resources, as they are resistant to diseases and unsuitable environments for cultivated grapes, e.g., low or high temperatures. Wild grape species are distributed in East Asia and North America and are believed to have also been distributed in North Europe before becoming extinct during an ice age (Aradhya et al., 2008) .
Using simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLP) analyses, Aradhya et al. (2008) reported that East Asian species in China exhibited significant differences from North American species with some exceptions. In addition, they showed that V. vinifera and its progenitor, V. sylvestris or V. vinifera subsp. sylvestris, were not separable by cluster analysis. Together with the cluster of East Asian species, the cluster consists of V. vinifera and V. vinifera subsp. sylvestris, forming a higher cluster of "Old World" species. Recently, Zecca et al. (2012) reported a similar result from analysis of the spacer sequence of chloroplast genes and intron sequences of a nuclear gene, RPB2-1.
As for the cultivars of V. vinifera, Aradhya et al. (2003) reported that SSR analysis using 8 SSR loci with 222 cultivated V. vinifera and 22 V. vinifera subsp. sylvestris supported the classical eco-geographic grouping of grape cultivars, occidentalis, pontica, and orientalis. Sefc et al. (2000) showed in more detail that 162 grape cultivars from 7 European wine regions had significantly different allele frequencies of 9 SSR loci among the regions; however, in spite of their extensive research, they did not characterize native Japanese or Chinese cultivars. Our previous studies showed that these Japanese and Chinese cultivars were included in the oriental cultivars of V. vinifera when they were analyzed with the occidental and oriental V. vinifera cultivars reported by Sefc et al. (2000 ) (Goto-Yamamoto et al., 2009 ) and with a limited number of V. vinifera and V. vinifera × V. labrusca cultivars and wild Vitis species (Goto-Yamamoto et al., 2006) .
Thus, in this study, we carried out SSR analysis of a wide range of grape accessions, i.e., cultivated grapes including a native Japanese cultivar 'Koshu', a Chinese cultivar 'Niunai (Nyunai)', and V. vinifera × V. labrusca 126 cultivars, as well as East Asian and North American wild species, and discussed the relationship among them.
Materials and Methods

Plant materials
Forty wild and cultivated grape accessions were analyzed (Table 1) . Nine North American species were donated by the US Department of Agriculture, 6 accessions from 5 East Asian species, by Osaka Prefecture University, and 2 accessions of V. vinifera subsp. sylvestris (male and female), by Turkmenistan Experimental Station for Plant Genetic Resources. Seventeen cultivars of V. vinifera and 6 cultivars of V. vinifera × V. labrusca were kept at the National Institute of Fruit Tree Science, Akitsu, Japan. Cultivars of V. vinifera were selected from the three eco-geographic groups.
SSR analysis
The total DNA of each accession was extracted and purified from young leaves as described in Kobayashi et al. (1996) . For the characterization of wild and cultivated grapes, the following 8 SSR loci were analyzed: VVMD5 (Bowers et al., 1996) , VVS1, and VVS3 (Thomas and Scott, 1993) , VMC2A5, VMC2B3, and VMC2G2 (Goto-Yamamoto et al., 2006) , and VMC3B9 and VMC8E6 (Doligez et al., 2006) . One primer of each pair was labeled with fluorescent dye, and the other primer was tailed with a 7-bp nucleotide (Applied Biosystems, Foster City, CA, USA) to enhance the extra "A" addition and to reduce "stutter" fragments (Ballard et al., 2002) . PCR was performed under the following cycle conditions: at 95°C for 3 min followed by 38 cycles at 94°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and kept at 72°C for 5 min. The detailed experimental conditions were the same as those in a previous report (Goto-Yamamoto et al., 2006) . Amplicons were detected using the ABI Prism 3100-Avant Genetic Analyzer. The fragment length in bp was calculated using GeneMapper v. 3.0 (Applied Biosystems) and is shown after subtracting 7 from the obtained value.
Data analysis
Distances among the accessions (1-proportion of shared alleles) were calculated using Microsat v1.5d software (Human Population Genetics Laboratory, Stanford University, Stanford, CA, USA). When one allele was detected for one locus, it was treated as homozygous. Significance of the difference among average distances was examined by ANOVA, and multiple comparison was carried out using the Games-Howell test because the variances were significantly different among the groups. Principal coordinate analysis (PCoA) was carried out based on the distance matrix of (1-proportion of shared alleles) using GenAlEx 6.5 (Peakall and Smouse, 2006) with a "distance-not standardized" method.
Results and Discussion
SSR genotyping
Genotypes at 8 SSR loci are shown in Table 1 . Detected numbers of alleles were from 7 (VVS3) to 21 (VMC8E6), and their average was 14.75, which was sufficiently polymorphic compared with the report of Aradhya et al. (2003) , from 5 to 19 with an average of 11.9.
Some grape cultivars analyzed here are known to be a parent/progeny. Namely, 'Italia' is a cross between 'Bicane' and 'Muscat Hamburg', and 'Muscat Hamburg' is a cross between 'Black Hamburg' (synonymous with 'Trollinger' and 'Schiava Grossa') and 'Muscat of Alexandria'. 'Muscat Hamburg' is also called 'Black Hamburg' in the USA; this is confusing, but it is not the case here. 'Golden Muscat' is a cross between 'Muscat Hamburg' and a V. vinifera × V. labrusca variety, 'Diamond'. 'Bronx Seedless' is a cross between ('Goff' × 'Iona') and 'Thompson Seedless'. All of these progeny cultivars shared at least one allele of each SSR locus with their parents. 'Chardonnay' and 'Melon' were reported to be siblings from a natural crossing between 'Pinot noir' and 'Gouais blanc' (Bowers et al., 1999) . These two sibling cultivars shared at least one allele with 'Pinot noir' except for VMC8E6. This discrepancy may be caused by a variation among clones, as there are many clones of 'Pinot noir' (Regner et al., 2006) .
Wild species had many alleles that were not detected from cultivated grapes. For example, while VVMD5 alleles in cultivated grapes ranged from 223 to 246 bp, alleles of 208, 217, and over 248 bp were found in wild species. Similar results were observed in VMC2G2 and VMC3B9. The 194-bp allele of VVS1 was specific to V. labrusca and the cultivars of V. vinifera × V. labrusca, even though there must be variation among individuals of V. labrusca. The 118-bp allele of VMC2G2 was shared only in V. labrusca, V. rubra, and 4 cultivars of V. vinifera × V. labrusca.
'Niunai (Nyunai)' had the 223-bp allele of VVMD5, which corresponds to n + 1 (this study) or n + 2 (Goto-Yamamoto et al., 2009) with a reference allele system (This et al., 2004) and was specific to this cultivar. The 171-bp allele of VMC2A5 was detected in only 'Niunai', V. labrusca, and V. longii. The 191-bp allele of VVS1 in 'Koshu' was shared by 8 species of wild grapes, but not by the cultivars analyzed here. Similarly, the 176-bp allele of VMC2B3 was found only in 'Koshu' and V. rupestris, and the 273-bp allele of VMC8E6 was found only in 'Koshu'. More extensive analysis will be required to learn whether these specific alleles are shared by other Far East cultivars.
Average distance among groups
The average distances among accession groups are shown in Table 2 . ANOVA showed that the average distances were significantly different among the groups (P < 0.01). As expected, the average distances within each group of cultivated grapes, V. vinifera group and V. vinifera × V. labrusca group, as well as the distance between these two groups, were significantly shorter than those between wild species groups and cultivated grape groups. The average distance between V. vinifera and East Asian species was significantly shorter than that between V. vinifera and North American species. This result agrees with the report of Zecca et al. (2012) that V. vinifera subsp. sylvestris was closely related to the Asian species. The average distances within the wild grape groups, the North American group and the East Asian group, were long with high standard deviations, which indicates that wild grape species are more highly diverse than cultivated grapes.
PCoA analysis based on distance Scattergrams made by PCoA analysis (Fig. 1) show a clear separation between wild species and cultivated grapes along the 1st axis, which explains 34.9% of the variation. The differentiation between wild species and cultivars was also showed by structure analysis with a cluster number of 2-5 (data not shown). Wild species showed a wide distribution in the 1st and 4th quadrants. North American and East Asian species, including V. shiragai, which is a Japanese wild grape species not analyzed in other studies (Aradhya et al., 2008; Zecca et al., 2012) , were roughly separated with some exceptions in the scattergrams. Two accessions of V. vinifera subsp. sylvestris were plotted among the cultivars of V. vinifera. That is a similar result to the report of Aradhya et al. (2008) (see Introduction), even though other reports showed that when many accessions of V. vinifera and V. vinifera subsp. sylvestris were analyzed, these two subspecies were separated (Grassi et al., 2003; Myles et al., 2011) .
As for the grape cultivars, the cultivars of V. vinifera were shown to be closely related to each other within each eco-geographic group, i.e., occidentalis, orientalis, and pontica, even though these groups were not completely separated. Along the 2nd axis, the occidental and pontica cultivars were well separated, and the oriental cultivars and V. vinifera × V. labrusca cultivars were separated along the 3rd axis. Aradhya et al. (2003) (2011), 'Niunai' was included in the east group of V. vinifera, and the cultivars of east, central, and west groups of V. vinifera showed similar SNPs within each group. The V. vinifera × V. labrusca cultivars were plotted near to the plot of V. labrusca. Some V. vinifera × V. labrusca cultivars, however, were more closely plotted to the cultivars of V. vinifera. These differences probably reflect the genetic ratio of V. labrusca to V. vinifera in a hybrid cultivar and the inheritance of characteristic alleles.
As mentioned above, 'Koshu' and 'Niunai' were included in V. vinifera in a comparison with a wide range of wild species and cultivated grapes. This result is consistent with the report that the insertion of a retrotransposon Gret1 upstream of the VvmybA1 gene was widely distributed among V. vinifera cultivars, including 'Niunai', V. vinifera × V. labrusca cultivars, and also V. vinifera subsp. sylvestris (Mitani et al., 2009) . Gret1 insertion was also reported for the white allele of 'Koshu' (Azuma et al., 2008) . Thus, Gret1 insertion in 'Koshu' and 'Niunai' as well as in other V. vinifera and its hybrid cultivars seems to have been inherited from V. vinifera subsp. sylvestris. Meanwhile, Azuma et al. (2008) reported that one haplotype of berry color locus HapF, which has the VvmybA1 SUB allele, was detected only in the oriental cultivars, including 'Koshu' and 'Nyunai'. In addition, Shimazaki et al. (2011) reported that 'Koshu' and two other oriental cultivars have a specific insertion in the second intron of the red allele of VvmybA1. Thus, further study will be needed to clarify the genetic structure of oriental grape cultivars.
